A frequency synthesis technique based on the division of a coupled optoelectronic oscillator (COEO) reference is presented. This technique overcomes one of the main issues of the most common frequency synthesis technique, namely the phase locked loop (PLL) : the inherent phase noise degradation of frequency multiplication. In order to keep the benefits of the frequency division technique, residual phase noise of the dividers has to be reduced as much as possible. This article discusses the results of two digital dividers, a divider by 2 and a divider by 3, both with a 30 GHz COEO reference.
I. INTRODUCTION
High frequency signals with high spectral purity are of utmost importance in a wide variety of applications such as radar, space or broadband telecommunications [1] . Due to the congestion of frequency bands below 3 GHz and the growing need in broadband systems speed, higher frequency bands are considered [2] , with for instance discussions about a 28 GHz frequency band for 5G in the USA.
Currently, PLL is one of the most widespread frequency synthesis technique. It is based on the multiplication of low frequency references, generally quartz oscillators delivering frequencies from a dozen to a few hundred megahertz. Higher working frequencies mean higher multiplication factors. However, multiplying the frequency of a signal by a factor N increases its theoretical phase noise by 20 log N , in addition to the multiplier self-noise. For this reason, PLL is a questionable candidate to synthesize low phase noise high frequency signals. On the contrary, dividing the frequency of a signal by M will lower its theoretical phase noise by 20 log M , plus the divider residual phase noise.
Therefore, a frequency synthesis technique based on division of high frequency low phase noise reference is studied to confirm its viability from a phase noise performance standpoint. Contrary to PLL, target frequencies are synthesized from a high frequency reference. COEO are frequency references able to generate signals with high spectral purity up to a dozen gigahertz, making them ideal candidates for this purpose. They offer a good compromise between size, complexity and phase noise performance compared to other references at these frequencies. We have a 30 GHz COEO at our disposal [3] .
The purpose of this work is to design low residual noise dividers to generate other frequencies from this reference without significantly deteriorate the COEO phase noise performance. We chose to study performances of digital dividers because of their higher flexibility over analog ones. The digital dividers we designed have fixed division ratios of 2 and 3, and are synchronous : every D Flip-Flop (DFF) composing them have the same clock. They are designed in Emitter-Coupled Logic (ECL) using a 130 nm SiGe BiCMOS technology. This article presents the simulations and measurements results when dividing a 30 GHz COEO.
II. DIVIDERS TOPOLOGIES A. Digital Divider by 2
The designed divider by 2 is a DFF with the inverted output connected back to the input. A specific topology [4] is used for the latches, where the Voltage Controlled Current Sources (VCCS) of a usual D latch are replaced by Voltage Controlled Voltage Sources (VCVS). In this case, the usual D latch current source is realized with a current mirror using MOS transistors. During the simulations, we ranked the components of the circuit according to their noise contribution and we noticed that the main noise contributors were the MOS transistors used as current sources in the D latches. For this reason, we used an alternative D latch topology that uses VCVS. The VCVS are emitter followers that drive the emitters of the transistors of the differential pairs of the D latches. We keep a latch mechanism but the clk signal is inverted compared to an usual D latch. By maximizing the size of the bipolar transistor and minimizing the resistance of the emitter followers, we can obtain a substantial improvement of the phase noise compared to an usual D latch.
This divider was validated for an input frequency of 3.5 GHz [4] , so the purpose is to demonstrate its functionality at much higher frequency, in this case up to 30 GHz. An optimization is done on the size of transistors, in order to lower the divider's residual noise as much as possible while ensuring a working frequency higher than 30 GHz. One of the most valuable advantage of digital dividers compared to analog dividers is their wide bandwidth. This divider is functional from 1 GHz to 40 GHz. The minimal input power threshold to trigger the divider is −26 dBm and the maximal tested input power is 2 dBm. As it is a digital divider, the output power of −8 dBm is steady and quasi-independent from the input power. The output signal is a square signal with a 50% duty cycle. The total divider current consumption is 56 mA with a supply voltage of 3.3 V. Excluding the pads used to measure the divider, its dimensions are 158 µm × 255 µm. On figure 2, dummies recover the circuit so we add a representation of the layout on the microphotograph of the chip to illustrate underneath levels. is an usual DFF and the output DFF is the same one used in the divider by 2 described above. As a synchronous divider, the output logic gate is the one that mostly impact the overall phase noise of the divider [5] . For this reason, we use the DFF with the best phase noise performance as the output gate of the divider while keeping an usual DFF as the input gate. This divider is functional up to 32 GHz. The minimal power to trigger the divider is −12 dBm and the maximal tested input power is 2 dBm. The output power is −12 dBm. The output signal is a square signal with a 33% duty cycle. The current consumption is 60 mA with a supply voltage of 3.3 V. Excluding the pads, its dimensions are 241 µm × 257 µm. On figure 4 , we add a representation of the layout on the microphotograph of the chip to illustrate. 
III. SIMULATION AND MEASUREMENT RESULTS
Measurements are conducted using the 30 GHz COEO reference frequency divided by the designed dividers using a probe station. The resulting signal phase noise is measured with an Agilent Technologies E5052B Signal Source Analyzer. Both of the dividers have an input active balun to generate differential signals from the single-ended signal delivered by the COEO. Output buffers allow to deliver output current to the 50 Ω input of measurement systems. The current consumption and the phase noise deterioration of these elements are included in the following measurements.
A. Digital Divider by 2
On figure 5 , the phase noise of the COEO divided by the designed divider by 2 is compared to the phase noise of the COEO ideally divided by 2 (phase noise of the COEO at 30 GHz minus 20 × log(2) = 6 dB). This is the best phase noise achievable because this is the phase noise of the frequency reference translated to the output frequency. We can observe that the phase noise of the COEO divided by the designed divider by 2 is almost the same that the ideally divided COEO, so the residual phase of the divider is low enough not to deteriorate the phase noise of the divided reference. On this figure, we also compare the residual phase noise of an usual divider by 2 based on a DFF with VCCS and of the optimized divider by 2 based on a DFF using VCVS. We observe an improvement of at least 6 dB with the VCVS version. Measurements results are surprisingly better than expected from the simulation. The phase noise measured is the noise of the COEO translated to 15 GHz, so the divider noise contribution is negligible in this case.
B. Digital Divider by 3
In figure 6 , the phase noise of the 30 GHz COEO divided by 3 is compared to the COEO noise translated to 10 GHz and with the simulated residual phase noise of this divider at a 10 GHz output. Near the carrier, up to a 500 Hz relative frequency, the divider noise is negligible compared to the noise of the COEO. For relative frequencies from 500 Hz to 100 kHz, the phase noise is in accordance with the divider's phase noise level expected from the simulation. At upper relative frequencies, measured phase noise is higher than expected from the simulation. We demonstrate that we are able to realize a digital divider by 3 working at 30 GHz with an acceptable level of phase noise but that phase noise is not low enough to fully preserve the performance of the COEO, so a new design of the divider will be done in order to improve it.
IV. DISCUSSION
In figure 7 , measured phase noise performances of the COEO divided by 2 are compared to the phase noise performances of three of the best frequency references [6] , [7] , [8] in the industry to our knowledge. We also compare the phase noise performance of the divider with a recent low noise PLL [9] that generates a frequency near the ones we are working on. However, we must keep in mind that the PLL offers some functionalities our dividers do not for the present moment, such as programmable ratios, fractional ratios and so on. All these frequency references phase noise are ideally translated to 15 GHz to be comparable with the divided by 2 COEO. 1,00E+01 1,00E+02 1,00E+03 1,00E+04 1,00E+05 1,00E+06 1,00E+07 COEO 30GHz divided by 2 RAKON 1.28GHz x 11.7
Crystek 1GHz x 15 NEL 1GHz x 15 We can see that the frequency reference we designed is competitive with high performances frequency references within the relative frequency range studied. From a phase noise perspective, the benefit is even more remarkable when we compare it to a frequency reference based on a PLL but as mentioned earlier, functionalities are not the same.
In figure 8 , we now compare the same frequency references translated to 10 GHz with the COEO divided by 3.
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Rela�ve frequency (Hz) Fig. 8 . COEO divided by 3 phase noise vs frequency references Comparatively, we can observe that the divider by 3 is less competitive than the divider by 2 and thus the signal generated by dividing the COEO with the divider by 3 is less competitive with the other frequency references. However, we have a better phase noise than the signal generated with the PLL on most of the frequency span observed.
In order to compare these dividers with others digital dividers, we use the following figure of merit (FoM) [10] : FoM = L floor − 20 log(f 0 ) + 10 log(P DC ) + 30.
(1)
This FoM includes the main characteristics of digital dividers that are the noise floor L floor , the input frequency f 0 and the power consumption P DC . In Table 1 , the divider by 2 is compared with the HMC862A programmable SiGe BiCMOS divider by 1, 2, 4 and 8 from Analog Devices operating up to 24 GHz [11] . Its characteristics are given for the configuration division by 2. As expected, the designed divider by 2 has competitive performances compared to one of the best digital divider to our knowledge. The designed divider by 3 performances are less competitive the Analog Devices one but it is important to note that, as SiGe digital dividers by 3 seem to be rare in the literature, we had to compare it with a divider in AsGa technology .
V. CONCLUSION This paper presents the results of frequency synthesis by division based on a 30 GHz COEO reference divided by ECL digital dividers. A 15 GHz signal is synthesized using a divider by 2 and a 10 GHz signal using a divider by 3. In term of phase noise performance, the division of an high frequency reference is a promising alternative to frequency multiplication in PLL. Indeed, the capacity to design low residual phase noise dividers combined to the development of low phase noise high frequency reference such as COEO promise an interesting future for this synthesis technique. In this paper, ECL digital dividers are proposed. We demonstrate that we were able to design a digital divider by 2 operating at 30 GHz whose phase noise is negligible compared to the transposed noise of our reference frequency. We also demonstrate that we can design a digital divider by 3 operating at 30 GHz whose phase noise is acceptable but still need some improvements. For future prospects, we are investigating some other functionalities for digital dividers, such as the implementation of higher ratios, of programmable ratios or of fractional ratios.
